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(57) Abstract 

The invention relates to a semiconduc- 
tor device provided with an organic mate- 
rial which is formed by a solid-state mix- 
ture of organic donor and organic accep- 
tor molecules. A semiconducting solid-state 
mixture is known with molar ratios between 
donor and acceptor molecules of 1.3:2 aiKi 
1.66:2. The known solid-state mixture has 
the disadvantage that its electrical conductiv- 
ity is comparatively high, so that it is not 
possible to manufacture switchable devices from the mature. According to the invention, the semiconductor device is characterized ui that 
the material comprises an n- or p-type semiconductor material, the n-type semiconductor material having a molar ratio between the donor 
and acceptor molecules below 0.05, and the p-type semiamductor material having this ratio above 20. The solid-state mixtures accoixiing 
to the invention may be used for manufacturing switchable semiconductor devices. The n- and p-type cjiganic soUd-state mixtures can be 
used for manufacturing transistors, diodes, and field effect transistors in a same manner as, for example, doped siUcon or geimanium. 
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Semiconductor device provided with an organic semiconductor material. 



The invention relates to a device provided with an organic matoial which 
is ftrnned by a solid-state mixture of organic donor and oiganic acceptor molecules. "Donor 
molecule" is here understood to mean a molecule which can give off an electron 
comparatively easily, and "acceptor molecule" a molecule which can take up an electron 
comparatively easily. 

A solid-state mixture of the kind mentioned in the opening paragraph is 
known from European Patent AppUcation no. 423956. The solid-state mixture is 
semiconducting at molar ratios between donor and acceptor molecules of 1.3:2 and 1.66:2. 
The known soHd-state mixture described has the disadvantage that the electrical conductivity 
of the known solid-state mixture omparatively high, so that it is not possible to influence 
the conductivity of the soUd-state i.axture to the extent that switchable devices can be 
manufactured. 

The invention has for its object inter alia to counteract this disadvantage. 

According to th" invention, the device is for this purpose diaracterized in 
that the matwial comprises an n- c. p-type semiconductor material, wherein the n-type 
semiconductor material has a molar ratio b«ween the donor and accq)tor molecules below 
0.05, and wherein the p-type semiconductor matoial has this ratio greater than 20. It is 
accordingly possible with the donor/acceptor combination to manu&cture an n-lype as weU as 
a p-type organic semiconductor. 

The solid-!^te mixtures according to the invention may be used for 
manufacturing switdiable semiconductor <tevices. The n- and p-materials may be used for 
manufecturing transistors, diodes, and field effect transistors in the same manner as, for 
otample, doped silicon or gomanium. 

Hie known solid-state mixtures are used for manufacturing an organic 
conductor. Given a molar ratio between dcmor and accq>tor molecules of 1:1, tiie solid-state 
mixture becomes semi-metallic. At donor/acceptor ratios of 1.3:2 and 1.66:2, i.e. 
coaq»rativdy dose to 1:1, tfie conductivity of the solid-state mixture is lower than in the 
case of purely metallic conductivity r fte conductivity is still so high that no switching 
elraioits can be made with tfie solid-^te mixture. In addition, the known solid-state 
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mixtures do not exhibit n- or p-type behaviour, i.e. the conductivity is not determined by 
comparatively loosely bound electrons or holes. The solid-state mixture according to the 
invention, on the other hand, behaves as an n- or p-type semiconductor. This means that 
effects such as depletion, enhancement, injection of charge carriers, field effect, etc. , known 
S from other semiconductor materials, can be used for making switching elements. 

The solid-state mixture behaves as an n-type semiconductor in the case of a molar solid-state 
mixture ratio between donors and acceptors below 0.05, Le. with a relatively very large 
number of acceptor molecules. The solid-state mixture behaves as a p-type semiconductor in 
the case of a molar ratio above 20, i.e. with a relatively very large number of donor 

10 molecules. In contrast to the mixture according to the invention, the presence of acceptor 
atoms leads to a p-type behaviour in semiconductor materials such as e.g. silicon, whereas 
the presence of donor atoms leads to an n-type behaviour. 

It is suspected that the behaviour of the solid-state mixture with 
comparatively low and high molar donor/acceptor ratios is caused by a so-called hopping 

15 mechanism. Thus n-type behaviour of the solid-state mixture with a low molar 

donor/acceptor ratio could be caused by the fact that the conductivity is determined by 
electrons of donor molecules, of which there are relatively few, which move ("hop") to 
lattice locations (holes) on acceptor molecules, of which there are comparatively many 
available. The reverse could be the case for p-type material. 

20 Preferably, the device comprises both an n-type region manufactured from 

the n-type material and a p-type region manufactured from the p-type material. The solid- 
state mixture used in a semiconductor device according to the invention may be manufactured 
comparatively easily through codeposition from two vapour sources, one for donor molecules 
and one for acceptor molecules, at a reduced pressure, for example lower than 

25 1.3 X 10-^N/m^ (10"* torr). The molar donor/acceptor ratio may be changed comparatively 
easily in that the yields of the sources are adapted, for example by adapting a source 
temperature. Thus both n-type and p-type regions of the organic semiconductor can be made 
in one vapour deposition process. The semiconductor device according to the invention, 
accordingly, is much easier to manu&cture than, for example, silicon semiconductor devices 

30 where high-temperature diffusion plays a part in manufacturing n- and p-type regions. 

Preferably, the device comprises a pn junction between the p- and the n-type regions. Such a 
pn junction behaves as a diode and is a basic form of a switching element The pn junction 
can also be manufactured in a simple manner, as can the separate p- and n-type regions, 
through variation of the yields of vapour deposition sources of donor and acceptor molecules. 
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An additional advantage is obtained when tfie device comprises a further 
r^on manufactured ftom a solid-state mixture of the organic donor and organic acceptor 
molecules, whoe the molar ratio betweoi the donor and acceptor molecules is substantially 
equal to one. Such a r^on has semi-metallic properties and may thus be used, for example, 
5 as a connection region, buried conductor, or interconnection between semiconducting 

rpgions. Semi-metallic regions can be manufiutured in one process step, alwig with n- and p- 
type regions, in that the molar donor-acceptor ratio is changed to apprvndmately 1:1 during 
manufacture. An additional metallization step is necessary in the manufacture of such a 
conductive r^on in the case of semiconductor matoials such as silicon. 

^0 Prefierably, the device comprises a r^ion adjoining a surface and made 

from the n-type material provided with a pasavated surface layer. It is found in practice that 
n-type material forms a passivating surface layer when it is exposed to air (a mixture of Nj 
and O2) after its manufacture under reduced pressure. If the semiconductor device is so 
manufactured that regions of n-type material adjoin a surface, then the device is passivated 

15 after vapour deposition under vacuum conditions when it is exposed to an atmosphere 

containing oxygai. This effect may be compared to passivation of a silicon surface through 
formation of silicon dioxide. 

Prefwably, the device comprises a field effect transistor, with a source 
and a drain region, and with an interposed n-type channel region manufactured from the n- 
20 type material, which channel region is provided with a gate electrode which is separated 
from the channel region by an insulating layer, while a side of the channd region facing 
away from the gate electrode is provided with a passivated surface layw which adjoins a 
surface. The side of the diannel region fiidng away ftom the gate electrode is passivated 
vpon eqmsusB to air. A oompaiativdy narrow channel region results ftom this. Such a 
25 narrow diannel i^on has a favourable influoice on a so-called on/off ratio of the ftdd 
effect tranastnr, Le. the dififerraice in conductivity in the diannd region whra the channd is 
blocked or raidered cmducting in known manner via the gate electrode. 

Known donor mdecules are, fsr example, TTF: tetrathiafulvalene, 
TMTTF: tetramethyltetrafliiafulvalraie, TSF: tettasdenafiilvalaie, TMTSF: 
tdramdhyltetrasilenafiilvalene. Known aeceptat molecules are, for example, TCNQ: 
tetracyanoquinodimethane, TNAP: tetracyanonaphtoquinodimethane, and TCNDQ: 
tetracyaiKxiiquinodimethane. All these molecules can be used as donor and acceptor 
molecules in a solid-state mixture according to the invoition. For further examples of organic 
donor and acoqrtor molecules, the reader is refored to the book: "Organic Charge-Transfer 
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Complexes" by R. Foster, Academic Press 1969, Table 1.1, pp. 5-11. Preferably, the 
organic donor molecule comprises TTF: tetrathiafulvalene and the organic acceptor molecule 
comprises TCNQ: tetracyanoquinodimethane. These materials are comparatively easily 
available and can be readily applied at a temperature below 200^C. 
5 An additional advantage is obtained when a surface of the device is 

provided with a surface layer which seals the device off against oxygen. The stability of the 
solid-state mixture is increased thereby. Preferably, the sur&ce layer comprises silicon 
monoxide. Silicon monoxide can be applied at a comparatively low temperature of 
approximately 2(X)^C, so that the organic donor and acceptor molecules are not attacked. 

10 

The invention will t>e explained in more detail below by way of example 
with reference to the drawings, in which: 

Fig. 1 shows the conductivity S as a function of the molar donor/acceptor 
ratio D/A of the solid-state mixture, 
IS Fig. 2 shows a semiconductor device with a MOSFET transistor provided 

with an organic semiconductor material according to the invention, 

Fig. 3 shows the current between source 1 and drain 2 of the 
semiconductor device of Fig. 1 as a function of the voltage V, at the gate electrode 4, 

Fig. 4 shows the semiconductor device with an MIS diode provided with 
20 an organic semiconductor material according to the invention, 

Fig. S shows the differential capacitance dQ/dV, Q being the charge at 
electrodes 4, 8 and V the voltage V, at the gate electrode 4 of the semiconductor device of 
Fig. 4, as a function of the voltage at the gate electrode 4, and 

Fig. 6 shows the semiconductor device with a diode provided with a pn 
25 junction made of organic semiconductor material according to the invention. 

The Figures are purely diagrammatic and not drawn to scale. 
Corresponding parts have been generally given the same reference numerals in the Figures. 

Figs. 2, 4 and 6 show semiconductor devices provided with an organic 
30 semiconductor material formed by a solid-state mixture of organic donor and organic 

accq>tor molecules. A donor molecule is here understood to be a molecule which can give 
off an electron comparativdy easily, and an acceptor molecule is understood to be a 
molecule which can take up an electron comparatively easily. 

Known semiconducting solid-state mixtures have molar ratios between 
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donor and accq>tor molecules of 1.3:2 and 1.66:2. Such solid-state mixtures have the 
disadvantage that the electrical conductivity is comparatively high, so that it is not possible to 
manufacture switchable devices with the mixture. 

According to the invention, the semiconductor material comprises an n- or 
5 p-type semiconductor material such that the n-Qfpe material has a molar ratio between the 
donor and accq>tor molecules below 0.05, and the p-type material has this ratio above 20. 
The solid-state mixture behaves as an n-type semiconductor when it has a molar ratio 
between donors and accq)tors below O.QS, so with a relative veiy great number of acceptor 
molecules. The solid-state mixture behaves as a p-type conductor at a molar ratio above 20, 

10 so with a relative very large number of donor molecules. 

Fig. 1 shows how the conductivity S varies as a function of the molar donor/accq)tor ratio 
D/A in an n-type semiconductor material manufactured fix)m TCNQ as the acceptor molecule 
and TTF as the donor molecule. The electrical conductivity can accordingly be varied over 
many orders of magnitude in that the molar ratio between donor and acceptor molecules is 

15 controlled. Fig. 1 shows that the mixtures according to the invention have an electrical 

conductivity which differs very strongly from semi-metallic conductivity such as is found for 
known solid-state mixtures with a molar donor/acceptor ratio D/A of approximately 1. 

Fig. 2 shows a field effect transistor with a source region 1, a drain 
region 2 and an interposed n-type channel region 3 made from the n-type material, the 

20 channel region 3 being provided with a gate electrode 4 which is sqyarated from the channel 
region 3 by an insulating layer 5, while a side 3' of the channel region 3 facing away from 
the gate electrode 4 is provided with a passivated sur£ace layer 7 which adjoins a surface 6. 
Such a device is manufactured as follows. A strongly doped p-type silicon slice 
(a^yproximately 0.02 Qcm) is used as the gate electrode 4. On this slice, a 50 nm thick silicon 

25 dioxide layer is grown thermally in known mann^ as the insulating layer 5. On this 

insulating layca: 5 a source region 1 and drain rpgion 2 are formed from a vapour-deposited 
gold layer of a^yproximately 0.1 n thickness, whidi is patterned in known manner by 
photolithography and an etching process. The distance between the source and drain regions, 
the channel length L, is 5 im, while the channel width Z, Le. the width of the diannel 

30 region 3 transverse to the plane of drawing, is 10 mm. The dectrical resistance between 
source l/drain 2 and the gate electrode 4 is more than 10^^ Q here. Then a solid-state mixture 
is provided on the insulating layer 5 and on the source and drain r^ons 1, 2. Tlie ^con 
slice is for this purpose placed in a vapourizing bell jar where a solid-state mixture of donor 
and acceptor molecules, TTF and TCNQ, respective^** in a molar ratio of approximately 
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1:200 is provided to a thickness of 0.17 at a pressure of 1.3 x lO^N/m^ (1 x 10^ torr). 
The TCNQ and TTF are provided from different vapour sources which are kept at a 
temperature of approximately ISO^'C. The electrical conductivity of the solid-state mixture 
applied is S x 10^ Scm ^ The side 3' of the channel region 3 facing away from the gate 
5 electrode 4 is passivated upon exposure of the channel region 3 to air during the removal 
from the beQ jar. The device according to the invention then comprises a channel region 3 
made of n-type semiconductor material of the solid-state mixture provided with a passivated 
surfoce lay^ 7. It is found in practice that n-type material 3 forms a passivating surface layer 
7 of approximately O.IS iim when it is exposed to an atmosphere containing oxygen after its 

10 manufacture in vacuum. The oxygen renden the n-type solid-state mixture more insulating. 
This effect is strongest at a boundary surface between n-type mixture and the atmosphere and 
becomes progressively less so towards the bulk of the solid-state mixture. A comparatively 
shallow channel region 3 is created by this passivation. Such a shallow channel region 3 
favourably affects a so-called on/off ratio of the field effect transistor, i.e. there is a great 

IS difference in conductivity in the channel region 3 when the channel is blocked in known 
manner via the gate electrode 4 and when the channel is made conducting. The conductivity 
of the channel region in the conducting state does decrease owing to the passivation because 
the channel region 3 becomes shallower (less thick). Fig. 3 is a graph in which a current 
between source 1 and drain 2 is plotted horizontally and a voltage V, applied to the gate 

20 electrode 4 is plotted horizontally. The voltage between source 1 and drain 2 was set for a 
fixed value of 20 V here. The curve of Fig. 3 was registered 47 days after manufacture, so 
with a fiiUy passivated surface. It is evident from Fig. 3 that the on/off ratio (measured for 
V, of +20 and -20 V) is great: 3 x l(^^/10'^ i.e. approximately 300. 

Fig. 4 shows a so-called MIS (Metal Insulator Semiconductor) diode 

25 according to the invention. This MIS diode is manufactured in a manner analogous to that of 
the field effect transistor of the preceding example, but no source and drain regions are 
provided now, whereas a second gold electrode 8 is provided on the surface 6. The MIS 
diode has a surface area of 0.31 mm^. The MIS diode behaves as a capacitance which can 
store charge Q at its electrodes 8 and 4. Fig. 5 shows a differential capacitance dQ/dV, as a 

30 function of the voltage V, allied to the gate electrode 4. Fig. 5 was registered at a 

frequency of 1 kHz and an amplitude of 0.5 V, the voltage V, across the electrodes 4 and 8 
being varied at a rate of 20 V/minute. The broken line 10 gives the differential capacitance 
of die device without the semiconductor layer 3, the full line 11 die differential capacitance 
of the device with the semiconductor layer 3. The differential capacitance value of curve 1 1 
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approaches the value of curve 10 for V, greater than approximately 20 V. This indicates that 
the semiconductor matttial 3 is enhanced with electrons, so that the semiconductor region 3 
is regarded as a conductor for the differential capacitance dQ/dV and the differential 
capacitance is determined by the insulating layer 5, as is the case for curve 10, where the 
5 electrode 8 lies directly on the insulating layer. The differential capacitance value of curve 11 
approaches that value of dQ/dV which belongs to an insulating layer comprising both the 
insulating lay^ 5 and the semiconductor n^on 3 whm becomes lower than 
approximately -20 V, This is an indication that the semiconductor region 3 is fully depleted 
of charge at these voltages. Fig. 5 shows clearly, therefore, that die solid*state mixture 
10 behaves as an n-type semiconductor. It is noted that the MIS diode exhibits a hysteresis in its 
differential capacitance curve. The cause of this hysteresis is not clear, but it could be due to 
various mechanisms such as charge being held at a boundary surface, oxide charge, or 
migration of donor or acceptor molecules. 

Fig. 6 shows a device which comprises both an n-type region 23 
15 manufactured from the n-type material and a p-type region 22 manufactured from the p-type 
material, a pn junction 35 being formed between the p- and n-type regions. The device also 
comprises a further region 24 made from a solid-state mixture of the organic donor and 
organic acceptor molecules in which the molar ratio between the donor and acceptor 
molecules is substantially equal to one. The device of Fig. 6 is a diode. Such a device is 
20 manufectured as follows. Solid-state mixtures of the donor and acceptor molecules are 
provided on an insulating substrate 20 made of glass. The silicon slice is for this purpose 
placed in a vapourizing bell jar where a solid-state mixture of TTF and TCNQ as the donor 
and accqrtor materials, respectively, is provided from different vzpovx sources at a pressure 
of 1.3 X lO^N/m^ (1 X 10^ torr). The temperatures of the vsqxnir sources are set in 
25 dependence on the desired ratio between donor and acceptor molecules. Differmt layers 21 
to 24 are provided in one process sequence, Le. without the substrate 20 being taken from 
the bdl jar. First a semi-metallically conducting layer 21 comprising a solid-state mixture 
with a molar ratio TIF/TCNQ of approximately 1 : 1 is provided to a thickness of 0.2 /im. 
This layer 21 acts as a first electrode of the semiconductor device. The electrical conductivity 
of Ae solid-state mixture provided is approximatdy 1 Scm"*. Then a p-type semiconductor 
layer 22 of 0.2 ftm thickness is provided, comprising a solid-state mixture with a molar ratio 
TTP/TCNQ of approximately 200:1, without the substrate 20 being removed from the bdl 
jar. The electrical conductivity of the solid-state mixture provided is 5 x 10^ Scm ^ On the 
p-type layer 22, an n-type semiconductor layer 23 is provided, comprising a solid-state 
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mixture with a molar ratio TTF/TCNQ of approximately 1:200. The electrical conductivity 
of the solid-state mixture provided is 5 x 10^ Scm ^ On the n-type layer 23, a semi-metallic 
layer 24 is provided, comprising a solid-state mixture of the organic donor and the organic 
accq)tor molecules, the molar ratio between the donor and acceptor molecules being 
S substantially equal to one here. A gold layer 25 of 0.2 fim thickness is provided on this semi- 
metallic layer 24 as a second electrode. The gold layer is shaped in known manner by vapour 
deposition, a photolithographical process, and etching. The organic layers 21 to 24 are then 
patterned by plasma etching. Subsequently, according to the invention, the surface 30 and the 
latoal sides of the device created by plasma etching are provided with a surfiace layer 26 

10 which seals the device off against oxygen. 

Such a lay^ is manufactured at a comparatively low temperature (200*^C or lower) in a low- 
temperature CVD (Chemical Vapour Deposition) process. The layer seals the solid-state 
mixture off against oxygen^ whereby the stability of the solid-state mixture increases. 
Preferably, the surface layer 26 comprises silicon monoxide. SUicon monoxide can be 

IS provided in a known manner at a comparatively low temperature of approximately 200''C. 
The silicon monoxide layer ensures that the oiganic donor and acceptor molecules are not 
attacted. 

Known donor molecules are, for example, TTF: tetrathiafiilvalene, 
TNTTTF: tetramethyltetrathiafulvalene, TSF: tetraselenafulvalene, TMTSF: 

20 tetramethyltetraselenafulvalene. Known accq>tor molecules are, for example, TCNQ: 
tetracyanoquinodimethane, TNAP: tetracyanonaphtoquinodimethane, and TCNDQ: 
tetracyanodiquinodimethane. All these molecules can be used as donor and acceptor 
molecules in a solid-state mixture according to the invention. The mention of the above 
donor and acceptor material is not to be regarded as limitative. Further examples of organic 

25 donor and acceptor molecules can be found in the book: "Organic Charge-Transfer 

Complexes" by R. Foster, Academic Press 1969, Table 1.1, pp.5-11. A device according to 
the invention is also possible with donor and acceptor molecules other than those mentioned, 
for example, with the said donor or acceptor molecules which have in addition been provided 
with groups such as long carbon diains or benzene rings (macromolecules). Preferably, the 

30 organic donor molecule comprises TTF: tetrathiafiilvalene, and the organic accq>tor molecule 
TCNQ: tetracyanoquinodimethane. These materials are comparatively easily available and 
can be readily applied at a temperature below 200^C. 

The invention is not limited to the embodiments described above. The 
semiconductor device may comprise, instead of one switching element, many switching 
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dements on a common substrate. The semiconductor device may also comprise other 
switching elemmts such as, for example, bipolar transistors, diodes, field effect transistors, 
or thyristors. These devices are designed on the analogy of semiconductor devices known 
from silicon technology. The semiconductor devices may be made in that the solid-state 
mixture is patterned by known techniques such as photolithography and etching, for example, 
plasma etching. Conductive, p-type and n-type regions can be manufactured and shaped then 
by means of the solid-state mixture according to the invmtion. 
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1. A semiconductor device provided with an organic material which is 
formed by a solid-state mixture of organic donor and organic acceptor molecules, 
charactoized in that the material comprises an n- or p-type semiconductor material^ wherein 
the n-type semiconductor material has a molar ratio betweoi the donor and acceptor 

5 molecules below O.OS, and wherein the p-type semiconductor material has this ratio greater 
than 20. 

2. A semiconductor device as claimed in Claim 1, characterized in that the 
device comprises both an n-type region manufactured from the n-type matmal and a p-type 
region manufactured from the p-type material. 

10 3. A semiconductor device as claimed in Claim 2, characterized in tiiat the 

device comprises a pn junction between the p- and the n-type regions. 
4« A semiconductor device as claimed in Claim in any one of the preceding 

Claims, characterized in that the device comprises a further region manufactured from a 
solid-state mixture of the organic donor and organic acceptor molecules where the molar 

IS ratio between the donor and acceptor molecules is substantially equal to one. 

5. A semiconductor device as claimed in any one of the preceding Claims, 
characterized in that the device comprises a region adjoining a surface and made from the n- 
type material provided with a passivated surface layer. 

6. A semiconductor device as claimed in any one of the preceding Claims, 
20 characterized in that the device comprises a field effect transistor, with a source and a drain 

region, and with an interposed n-type channel region manufactured from the n-type material, 
which channel region is provided with a gate electrode which is separated from tiie channel 
x^on by an insulating layer, while a side of die channel region fiadng away from die gate 
electrode is provided with a passivated surface layer which adjoins a sur&ce. 
25 7. A semiconductor device as claimed in any one of the preceding Claims, 

characterized in that the organic donor molecule comprises TTF: tetrathiafulvalene and the 
organic aocq>tor molecule comprises TCNQ: tetracyanoquinodimethane. 
8. A semiconductor device as claimed in any one of the preceding Claims, 

characterized in that a surface of the device is provided with a surface lay^ which seals the 
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device off against oxygen. 

9. A semiconductor device as claimed in Claim 8, characterized in that the 

surface layer comprises silicon monoxide. 
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